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© Process for forming uniform liquid droplets. 


© A process for forming uniform liquid droplets 
having a particle size of not more than 250 um 
which comprises jetting a liquid having a viscosity of 
50 to 2.000 of cP through at ieast one orifice having 
a diameter of 20 to 100 um, while directly vibrating 
said liquid at a frequency of 3,00 to 40,000 Hz. The 
process is applicable, for instance, to a solution of a 
natural or synthetic high polymer, and when liquid 
droplets formed from such a solution are solidified, 
spherical soiid particles having a uniform particle 
size useful, for instance, as particles for gel perme- 
ation chromatography, a support for catalyst or a 
^ packing for a column are obtained. 
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Process for forming uniform liquid droplets 


The present invention relates to a process for 
forming uniform liquid droplets, and more particu- 
larly to a process for forming liquid droplets uni- 
form and fine in their particle size from the liquid 
having a high viscosity such as a solution contain- 
ing a natural high polymer substance or a synthetic 
high polymer substance. When such fine and uni- 
form liquid droplets are solidified as they are, 
spherical particles having a uniform particle size 
can be obtained and widely utilized, for instance, 
as particles for gel permeation chromatography, a 
support for a catalyst, a packing for a column, and 
the like. 

As one of methods for forming liquid droplets, 
there has been known a dispersion method in 
which a liquid to be formed into droplets is dis- 
persed into a dispersion medium incompatible with 
the liquid by stirring. According to the dispersion 
method, liquid droplets having a broad particle size 
distribution are obtained. 

As a method for forming liquid droplets other 
than the dispersion method, there has been known 
a spray method. According to the spray method, 
liquid droplets having a broad particie size distribu- 
tion are obtained alike in the case of adopting the 
dispersion method. 

Recently, a vibration method has been adopted 
in order to form liquid droplets having a narrow 
particie size distribution. When a liquid is jetted 
through a nozzle, if the nozzle is vibrated at a 
constant frequency or the liquid is directly vibrated, 
there are formed liquid droplets synchronizing with 
the vibration. Accordingly, when the flow rate of the 
liquid is kept constant, there can be obtained uni- 
form liquid droplets having a narrow particie size 
distribution. The above mentioned phenomenon 
was already found out in 1950's by N. A. Dimmock 
[cf. Nature, 166, 686(1950)]. Thereafter, this phe- 
nomenon was further analyzed and a condition for 
forming uniform liquid droplets was proposed by T. 
Sakai et ai [cf. Proceedings of the 2nd International 
Conference on Liquid Atomization and Spray Sys- 
tems (Proc. 2nd (CLASS), 27-45(1982)]. T. Sakai et 
ai report that the vibration frequency capable of 
forming uniform liquid droplets is decided by a 
hofe diameter of a nozzle and a low rate, a viscos- 
ity and a surface tension of a liquid, and further by 
an amplitude of a nozzle when the nozzle is vibrat- 
ed, and their relationships are shown by a dimen- 
sionless formula. In addition to the dimensionless 
formula by T. Sakai et a!, another dimensionless 
formula is reported by P. Shummer et a!. However, 
the index of the dimensionless formula by P. 
Shummer et a! is quite different from that of the 
formula by T. Sakai et ai, and accordingly, these 


equations give calculated values quite 'different 
from each other [cf. P. Shummer and K. H. Tebei, 
Proc. 2nd ICLASS, 47-54(1982)]. On the other 
hand, the found values by P. Shummer et aJ vary 
5 widely and are greatly different from the calculated 
values. 

As to the above-mentioned matter, similar stud- 
ies are made by other investigators and various 
different empirical formulas are reported. The rea- 

ro son why there are such differences between the 
empirical formulas reported is that the experimental 
conditions are different depending on the investiga- 
tors. Each of empirical formulas is valid within the 
range of the experimental condition adopted, but it 

is is not always vaiid outside the range. Accordingly, 
it is difficult to forcast whether liquid droplets can 
be formed or not in a region which has not been 
attempted in the past 

Table 1 shows instances in which uniform liq- 

20 uid droplets are formed in liquid viscosity ranges 
relatively near to that aimed in the present inven- 
tion. As apparent from Table 1, there has been no 
attempt for forming uniform liquid droplets having a 
particle size of not more than 250 urn from a 

25 highly viscous solution having a viscosity of 50 to 
2000 cP. That is, whether such uniform liquid 
droplets can be formed or not cannot be forecast 
from conventional techniques. 
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For instance, when a liquid having a viscosity 
of 460 cP, a surface tension of 41 dyne/cm, a 
density of 1.1 g/cm 3 is jetted from a nozzle vibrated 
at an amplitude of 5 am and having at least one 
hole of 50 urn in diameter at a flow rate of 2,000 
cm/sec to form uniform liquid droplets, the fre- 
quency of vibration of the nozzle required for for- 
ming uniform liquid droplets according to the em- 
pirical formula of T. Sakai et al is from 1.0 x 10 s to 
1.3 x 10* Az. When a liquid having a viscosity of 
920 cP, a surface tension of 41 dyne/cm, a density 
of 1.1 g/cm 3 is jetted through a nozzle vibrated at 
an amplitude of 5 urn and having at least one hole 
of 50 urn in diameter at a flow rate of 3000 cm/sec, 
the formula of T. Sakai et al requires a frequency 
of 1.5 x 10 s to 1.9 x s Hz. 

These two examples show that, according to 
the empirical formula, a very high frequency is 
required for obtaining uniform liquid droplets. How- 
ever, an extensive energy is required for providing 
an amplitude of vibration of about 5 urn to a nozzle 
at such a very high frequency, and it is practically 
very difficult to use such an apparatus. 

As understood from the above examples, it is 
expected that it is difficult to form fine and uniform 
liquid droplets from solutions having a high viscos- 
ity by the vibration process according to conven- 
tional techniques. 

An object of the present invention is to provide 
a process for industrially forming uniform and fine 
liquid droplets having a particle size of not more 
than about 250 am from a liquid having a high 
viscosity of 50 to 2000 cP by a vibration method 

The above and other objects of the present 
invention will become apparent from the descrip- 
tion hereinafter. 

In accordance with the present invention, there 
is provided a process for forming uniform liquid 
droplets having a particle size of not more than 250 
am which comprises jetting a liquid having a vis- 
cosity of 50 to 2000 cP through at least one orifice 
having a diameter of 20 to 100 am, while directly 
vibrating the liquid at a frequency of 3,000 to 
40.000 Hz. 

Fig. 1 is a cross sectional view showing a part 
of an apparatus used in the present invention. 

The phenomenon that a liquid column jetted 
through a nozzle or an orifice is split into liquid 
droplets has been interested with respect to its 
theory. For instance, the theory of C. Wober ex- 
plains as follows: "An initial turbulence generated 
at an outlet of a nozzle on a liquid column grows 
with the passage of time and at the time when 
region of the initial turbulence becomes larger than 
th diameter of the liquid column, the liquid column 
is split into a liquid droplet [cf. Zeitschrift fur An- 
gewandte Mathematik und Mechanik (Z. angew. 
Math. Mech.) 11. 136(1931)]. 


In case of producing uniform liquid droplets by 
the vibration method on an industrial scale, the 
initial turbulence must be generated exactly, stably 
and economically. It is considered that the initial 

5 turbulence is generated due to a change in flow 
rate of jetted liquid at an outlet of the nozzle, it is 
possible to generate such a change of the flow rate 
by various methods. For instance, there are a 
method in which the flow rate itself is changed, a 

to method in which a pressure of the liquid is 
changed, a method in which the nozzle is vibrated, 
and the like. Among them, the method by vibrating 
the nozzle is not economical since a greate energy 
is required, and the method by changing the flow 

75 rate is also not economical since a special pump is 
required. As compared to these methods, the 
method of changing the pressure of liquid is ad- 
vantageous because of simple in an apparatus re- 
quired and economical. In the process of the 

20 present invention, a liquid is ejected through an 
orifice or orifices, while periodically changing the 
pressure of the liquid at a frequency of 3,000 to 
40,000 Hz. The pressure changed periodically can 
be stably applied to the liquid with a small energy 

25 by, for instance, providing a vibrating plate near the 
orifice, or by inserting a vibrating rod into the liquid 
near the orifice. 

Rg. 1 is a cross sectional view showing a part 
of an apparatus used in the invention^ 

30 In the present invention, the liquid requires a 

relatively large jet pressure since the liquid having 
a high viscosity and orifice plate or nozzle 5 having 
a small orifice or hole size are used. Accordingly, 
in order to directly vibrating the liquid, in other 

35 words, in order to apply a pressure changed pe- 
riodically to the liquid, a method inserting a vibrat- 
ing rod 6 into a cylinder 2 is adopted. The vibrating 
rod 6 is connected with a suitable vibration gener- 
ator such as a magnetostrictive vibrator, an elec- 

40 trostrictive vibrator or an electromagnetic coil vibra- 
tor. In order to efficiently transmit the vibrational 
energy to the vibrating rod 6, an O-ring 7 having a 
small contact resistance is used for sealing a space 
between the cylinder 2 and the vibrating rod 6. The 

45 distance between the orifice plate 5 and the top of 
the bivrating rod 6 can be suitably controlled by a 
screw 11 of the cylinder 2 and a nat 4 for fixing the 
cylinder. The orifice plate 5 is fixed to another end 
of the cylinder 2 by a nat 3 for fixing the plate 5. 

so Sealing betweu* the orifice plate 5 and the cylinder 
2 is ensured by O-ring 8. The cylinder 2 is fixed 
with a nat 4 to a fixing cylinder 1 for fixing the 
cylinder 2. 

The liquid fed by a gear pump is introduced 
55 into the cyliner 2 through an inlet 9 for the liquid 
and is jetted through the nozzle or orifice 12 while 
applying the pressure changed periodically to the 
liquid by reciprocating motion of the vibrating rod 6 
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over the plate 5. By using such an apparatus, a 
liquid having a high viscosity, to say nothing of a 
liquid having a low viscosity, can be jetted through 
orifices or holes 12 of the plate 5 at a high tem- 
perature under high pressure while applying the 
pressure changed periodically at various frequen- 
cies to the liquid. Also, in order to maintain the 
resonance frequency more stably, a port 10 for a 
cooling water may be provided in the fixing mem- 
ber 1 , if necessary. A multihole nozzle or a perfo- 
rated plate is usually used as the nozzle or orifice 
plate 5 (hereinafter referred to as "nozz'i 5"). In 
order to obtain uniform liquid droplets having a 
particle size of not more than about 250u.m, the 
diameter of the hole of the nozzle 5 must be not 
more than 100 am. However, since the liquid 
droplets having too small particle size become 
poor in a value in use, it is preferable that the hole 
diameter of the nozzle is from 20 to 100 urn so 
that the particle size of the liquid droplets is more 
than several tens urn. 

It is preferable that the distance between the 
nozzle 5 and the top of the vibrating rod 6 is from 
2 to 30 mm. When the frequency is as high as that 
of supersonic waves, it is preferable that the dis- 
tance is not less than 5 mm. When the distance is 
less than 2 mm, cavitation may be caused depend- 
ing on kinds of .the liquid and accordingly, there is 
a possibility that the heat of the vibrating rod 6 or 
the inner wall of the nozzle 5 becomes eroded. 

The frequency required for stably forming fine 
and uniform liquid droplets from a liquid having a 
high viscosity is from 3.000 to 40,000 Hz. When 
the frequency of the vibrating rod is less than 
30,000 Hz, the uniform liquid droplets cannot be 
obtained even if other conditions for jetting the 
liquid such as the amplitude or the jet rate is 
changed. On the other hand, in the larger fre- 
quency region, even if a liquid having a high vis- 
cosity is used, the uniform liquid droplets can be 
obtained by suitably controlling the conditions for 
jetting the liquid. However, when the frequency is 
more than 40.000 Hz, it is hard to obtain the 
uniform liquid droplets, because the distance be- 
tween the liquid droplets adjacent to each other is 
too small, thus resulting in large collision frequency 
of liquid droplets. 

The uniform liquid droplets formed move at 
random by air resistance with going away from the 
nozzle 5, and many liquid droplets collide and 
reconnect each other. As reported by J. M. 
Schneider et al T the reconnection of the liquid 
droplets can be prevented for a relatively long time 
by electrifying each of the liquid droplets with 
same electric charge [cf. Rev. Sci. Instr. 35, 1349- 
(1964)]. 


It is possible to confirme whether the particle 
size of the liquid droplets is uniform or not in a 
usual manner. That. is to say, the flashing period of 
th stroboscope is synchronized with the genera- 

5 tion period of the liquid droplets, a photography is 
earned out. and the diameter of each of the liquid 
droplets is measured. 

The process of the present invention is useful 
for forming solid particles having a uniform particle 

to size. Liquid droplets are formed according to the 
process of the invention, for instance, from a solu- 
tion of a natural high polymer substance, a solution 
of a synthetic high polymer substance or a sol of 
an inorganic compound, and then solidified by va- 

75 porizing the solvent or dispersion medium from the 
droplets or by pouring the droplets into a coagulat- 
ing medium. The obtained solid particles can be 
utilized, for instance, as particles for gel permeation 
chromatography or a support for catalyst. 

20 Examples of the natural high polymers or their 

derivatives are, for instance, cellulose, silk,cellulose 
acetate, collagen, chitin, and the like. The natural 
high polymer is not limited thereto, and other natu- 
ral high polymers can be used. 

25 Examples of the synthetic high polymer are, for 

instance, polyvinyl alcohol, ethyiene-vinyl alcohol 
copolymer, polyvinyl acetate, polystyrene, nylon, 
and the like. The synthetic high polymer is not 
limited thereto, and other synthetic high polymers 

30 can be used. 

Examples of the sol of the inorganic com- 
pounds are, for instance, a sol of silicate com- 
pound, a sol of afuminate compound, and the like. 
The sol is not limited thereto, and other sols can be 

35 used. 

As a medium used for preparing the solution 
containing the natural or synthetic high polymer, or 
the sol of inorganic compound, there are exempli- 
fied, for instance, dimethyl sulfoxide, dimethyl acet- 

40 amide, water, N-methyl-2-pyrrolidone, and the like. 
The medium is not limited thereto, and other me- 
diums can be used. 

The solutions and sols containing the above- 
mentioned components are relatively high in the 

45 viscosity. For example, when the uniform liquid 
droplets are formed from the solution containing 
the high polymer substrate having a molecular 
weight of several ten thousands and the formed 
liquid droplets are solidified by contacting with a 

so gelling agent, it is-ne pessary that the concentration 
of the high polymer substrate in the solution is at 
least several percentages by weight for obtaining 
solid particles having a mechanical strength suffi- 
cient to use them for the above-mentioned uses. 

55 Such a solution has a viscosity of at least 50 cP. 
Accordingly, in the present invention, the liquid 
having a viscosity of 50 to 2000 cP is used. When 
the viscosity is more than 2000 cP, the jet pressure 
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of the liquid is too high and a specific means is 
required to the apparatus. Moreover, the use of 
such a high viscous liquid is not necessary, since 
the liquid droplets utilizable for the above-men- 
tioned uses can be obtained from a solution having 
a viscosity of less than 2000 cP. 

As mentioned above, uniform liquid droplets 
having a particle size of not more than 250 urn can 
be formed by jetting out a liquid having a viscosity 
of 50 2000 cP through at least one orifice having a 
diameter of 20 to 100 Jim, while directly vibrating 
the liquid at the frequency of 3,000 to 40.000 Hz. 

The frequency capable of giving the uniform 
liquid droplets is decided depending on the orifice 
diameter, the flow rate, the viscosity and surface 
tension of the liquid or the amplitude of the vibrat- 
ing rod, but does not depend on the composition of 
the liquid. Accordingly, not only the liquids used in 
the following Examples but also other liquids can 
be widely used within the scope of the present 
invention. 

The present invention is more specifically de- 
scribed and explained by means of the following 
Examples and Comparative Examples in which ail 
percentages and parts are by weight unless other- 
wise noted. It is to be understood that the present 
invention is not limited to the Examples, and var- 
ious changes and modifications may be made in 
the invention without departing from the spirit and 
scope thereof. 


Examples 1 to 4 

An N-methyl-2-pyrrolidone solution of cellulose 
acetate having a concentration shown in Table 2 
was fed to a cylinder of an apparatus shown in Fig. 
1 and the solution was jetted through a nozzle 
having 21 holes of 50 urn in diameter under the 
conditions shown in Table 2 while vibrating the 
vibrating rod at a frequency of 25,000 Hz by using 
a magnetostrictive vibrator to give uniform liquid 
droplets. 

A particle size of the obtained liquid droplets 
was measured according to the previously ex- 
plained method. The results are shown In Table 2. 

In Table 2, the viscosity is the value measured 
at 40 °C by using a Brookfield viscometer, and the 
surface tension is the value of N-methyl-2-pyr- 
rolidone. 

Since it was difficult to directly measure the 
amplitude of the top of the vibrating rod present in 
the cylinder, the amplitude shown in Table 2 Is the 
valu measured for the vibrating rod which is not 
inserted into the no cylinder. 


Examples 5 to 7 

The procedure of Example 1 as repeated ex- 
cept that the vibrating rod was vibrated by using an 
5 electromagnetic coil vibrator under the conditions 
shown in Table 2 to give uniform liquid droplets. 

A particle size of the obtained liquid droplets 
was measured in the same manner as in Example 
1 . The results are shown in Table 2. 
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Comparative Examples 1 and 2 

The procedure of Example 5 was repeated 
except that the vibrating rod was vibrated at a 
frequency of 1700 Hz (Comparative Example 1) or 
a frequency of 2500 Hz (Comparative Example 2). 
Uniform liquid droplets could not be obtained. 


Examples 8 to 11 

The procedure of Example 4 was repeated 
except that a solution shown in Table 3 was used 
to give uniform liquid droplets. 

A particle size of the obtained liquid droplets 
was measured in the same manner as in Example 
1 . The results are shown in Table 3. 


25 


30 


35 


40 


45 


50 


5 


10 


15 


20 


9 


17 


0 235 603 


18 


cn 

CD 


cd 





cn 


r— ( 



e 




O 

o 




CD 


«W 



o 


t-i 

£ 


CD 




cu 

3. 


N 

CD 


cr 

o 


m 


XT 

c 


Li 


a. 

cn 

-u) 


i-H 

*a 




CD 










to 


CD 





c 


a 

c 

SI 

CD 



•S 

c 

CO 

O 



4-1 

E 


CD 

c 


o 

cd 









cn 


a 



£3 



CD 


c 

o 


o 

o 


j-> 

CO 


> 




i 







•H 







r-f 

CD 






p, 

"O 

E 






3 














>, 













1 

c 






CD 

CD 








»■ ' 












CD 







; ,i 







cd 

CD 






rj 







ao 

\ 

e 






CD 







•"O 















CD 














CD 

E 





CD 

E 

3. 





«— { 

CO 






O 

—1 






-j- 

TJ 




















CD 

c 

a 





a 

o 






cd 


CD 






cn 

C 






c 

>i 






CD 

-a 





cn 

4-5 





-fcj 
-H 

cn ^ 

o . cu 

o o 

CQ — ' 


0-4 

o 


■a 
c 


C=3 


CD 


C 

o 

— ( 

r-f 

o 
cn 


in in m m 
vo vo 


m in in in 


in m in in 


o- o o o 

o o o o 

o o o o 

in in in in 

cm ou CM CM 


o o o o 

o o o o 

o o o o 

CO CO CO CO 


o o o o 
in in in in 


in in 
- * * 
co t- cn i— 
— cn o- sr 


o o o o 
CO cr\ m CM 
ST CM co in 


cm cn ~ 

* * * 

< CQ O Q 


O t- 

CO ON t— 

* • • • 

X X X x 

Cd Cd Cd Csl 


CO 








CD 



CD 



s 



£ 









r-i 



w 



o 












o 






o 









/— > 
w 









o 






r; 



j 









CI 



*" . 









rrt 







S-i 


m 
vi/ 


r *\ 




(— • 
1— 


U 

p-o 

r~f 


/~1 


Li \ 

<— • 

r— 


c t 






f~~l 






— * 



[ 



m 



U/ 

^» 





r-» 

r— 




- 






\U 



w 

o 


r_j 



x> 



— ) 

-S_ 


w 

q i 


m 

4-3 

VJ 




rrt 

to 

•A/ 

1—4* 




rt^ 
U/ 



CQ 

r- • 


e; 




o 




CJ 







. 



C 

<— 
>— > 

/— • 
V— 

r- • 



CD 

CJ 

O 


t 

r*~t 






/— v 

r ^ 

rH 

1 ■> 

4J 


CQ 


w 

— r 

— * 




UJ 

cn 


t { 

w 

/it 



w 

r\ 
\J 

i— U 



CD 

cn 





in 




•o 


JJ 

CD 

CD 

o 


cd 


"O 

"O 


rH 

o 

5-« 

i-t 


c 

O 


o 

X 

£ 



c 


w 

<-rt 
CQ 


i— t 





I ] 




r-» 

CD 



c 



a 

r-H 

1 

rj 

cn 

ca 

CO 

O 

CM 


c 



cn 


e 

CD 

•H 



r-f 

o 

J-) 


>. 

cn 

>> 




r-; 


x: 

<U 

CD 

4J 

JO 

o 



O 

CD 

CD 

0 

CD 

CD 

CO 

s 

E 


s 

rH 

0- 



cr 

I 



•a 

■a 

cd 

s: 

cd 

3 





fH 

cn 











cd 

CD 

o 

o 

o 

m 

> 

r: 


T— 



CO 








< 

cn 

a 

o 




C\l 

cn 



in 






* 


CD 

o 


10 


19 


0 235 603 


According to the process for forming the uni- 
form liquid droplets of the present invention, the 
uniform liquid droplets having a particle size of not 
more than 250 urn can be formed from a liquid 
having a viscosity of 50 to 2000 cP. When a 5 
solution having a natural high polymer or synthetic 
high polymer is formed into the uniform liquid 
droplets according to the present invention and the 
obtained liquid droplets are solidified as they are, . 
spherical solid particles which are uniform in their to 
diameter can be obtained and they can be suitably 
used as particles for gel permeation chromatog- 
raphy, a support for a catalyst or a packing for a 
column. 


Claims 

1 . A process for forming uniform liquid droplets 
having a particle size of not more than 250 um 20 
which comprises jetting a liquid having a viscosity 

of 50 to 2,000 of cP through at least one orifice 
having a diameter of 20 to 100 am. while directly 
vibrating said liquid at a frequency of 3,00 to 
40,000 Hz. 25 

2. The process of Claim 1, wherein said liquid 
is a member selected from the group consisting of 
a solution of a natural high polymer, a solution of a 
synthetic high polymer and a sol of an inorganic 
compound. 30 

3. The process of Claim 1, wherein said liquid 
is vibrated in a cylinder, to the top of which an 
orifice plate is attached, by applying a periodically 
changed pressure to said liquid with a vibrating rod 
inserted in said liquid. 35 
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FIG. I. 



